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1995), but this has never been demonstrated directly.
The mes and r1, in addition to showing differences in
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morphology, also express a complex array of genesDevelopmental Genetics Program
that are critical for their development. Two transcriptionSkirball Institute of Biomolecular Medicine
factors, Otx2 and Gbx2, are expressed in broad anterior2 Department of Cell Biology
and posterior domains in the embryonic brain with a3 Department of Physiology and Neuroscience
common interface in the region of the mes/r1 borderNew York University School of Medicine
(Joyner et al., 2000; Wurst and Bally-Cuif, 2001). Subse-540 First Avenue
quently, the secreted molecule Fgf8 is induced withinNew York, New York 10016
the anterior Gbx2-positive domain and becomes refined
to the isthmus constriction that separates the mes and r1
dorsally (Mason et al., 2000). A second secreted factor,Summary
Wnt1, is induced broadly within the presumptive mes
(located within the Otx2-positive domain) and rapidlyBrain structures derived from the mesencephalon
becomes tightly restricted to a ring at the posterior mes(mes) and rhombomere 1 (r1) modulate distinct motor
that is juxtaposed to the Fgf8 domain (Joyner et al.,and sensory modalities. The precise origin and cellular
2000). In contrast to Otx2/Wnt1 in the mes and Gbx2/behaviors underpinning the cytoarchitectural organi-
Fgf8 in r1, the En1/2 homeobox genes are induced in azation of the mes and r1, however, are unknown. Using
region that encompasses both the mes and r1.a novel inducible genetic fate mapping approach in
Although the presumptive mes and r1 ultimately formmouse, we determined the fate and lineage relation-
distinct specialized structures that express differentships of mes/r1 cells with fine temporal and spatial
sets of genes, it is not clear whether or how they areresolution. We demonstrate that the mes and r1 are
segregated from each other during development. It isneuromeres that along with the isthmic organizer are
possible that the regions are distinguished purely bypartitioned along the anterior-posterior axis by lineage
differential gene expression. An alternative mechanismrestriction boundaries established sequentially be-
is that cells in each region are limited from interminglingtween E8.5 and E9.5. Furthermore, a small group of
by lineage boundaries that establish compartments.cells originating from the most posterior mes exhibit
Compartments have been shown to be important for theanterior intracompartmental expansion and contribute
design of the insect body plan (Crick and Lawrence,throughout the inferior colliculus. Finally, we also un-
1975; Garcia-Bellido et al., 1979; Milan et al., 2001) andcovered transient and differential genetic lineages of
in establishing chick and mouse ectoderm limb fieldsventral midbrain dopaminergic and ventral hindbrain
(Kimmel et al., 2000; Vargesson et al., 1997). Given thatserotonergic neuronal precursors with respect to
the mature mammalian brain is segregated into discreteWnt1 and Gli1 expression.
anatomical and functional units, it is not surprising that
examples of lineage restriction exist in the vertebrate
Introduction CNS (Fraser et al., 1990; Birgbauer and Fraser, 1994).
However, the data pertaining to the mes/r1 region have
The midbrain (Mb) and hindbrain (Hb) are distinct ana- been controversial, with evidence both supporting and
tomical and physiological structures of the central ner- refuting a mes/r1 lineage boundary in chick (Millet et
vous system that are important for processing sensory al., 1996; Jungbluth et al., 2001). There have also been
and motor information and for modulating complex be- conflicting reports pertaining to the precise origin of the
haviors such as motivation, reward, arousal, and sleep. cerebellum. Early fate mapping studies in chick indi-
The Mb and anterior Hb are segregated into distinct cated that the mediodorsal Cb arises from posterior mes
anterior-posterior (A-P) and dorsal-ventral (D-V) struc- based on morphological landmarks, while lateral and
tures that reflect their functional specializations. The caudal Cb is derived from r1 (Martinez and Alvarado-
dorsal Mb consists of the laminated colliculi, while the Mallart, 1989; Hallonet and Le Douarin, 1993; Hallonet
ventral Mb is a tapestry of nuclei including dopaminergic et al., 1990). A more recent transplantation study in chick
neurons of the substantia nigra (SN) and ventral tegmen- indicated that the Cb is not derived from the mes as
tal area (VTA). The anterior Hb consists of the foliated defined by the posterior limit of Otx2 expression, which
cerebellum (Cb) dorsally and serotonergic neurons of is initially anterior to the isthmic constriction in chick
the raphe nucleus as well as the precerebellar nuclei (Millet et al., 1996).
ventrally. The Mb and anterior Hb are presumed to be A possible lineage boundary segregating mes/r1 into
derived from two embryonic brain vesicles, the mesen- compartments would have additional functional signifi-
cephalon (mes) and rhombomere 1 (r1) (Martinez and cance. The dorsal mes and r1 are located anterior and
Alvarado-Mallart, 1989; Hallonet et al., 1990; Hallonet posterior, respectively, to a morphological constriction
that demarcates the position of the intervening dorsal
isthmus (Altman and Bayer, 1997). The isthmus region*Correspondence: joyner@saturn.med.nyu.edu
encompasses the isthmic organizer (IsO), which through4Present address: genOway S.A., 181 avenue Jean Jaure`s, 69007,
Lyon, France. Fgf8 patterns the adjacent mes and r1 (Joyner et al.,
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2000; Wurst and Bally-Cuif, 2001). Fgf8 maintains a hier-
archy of genetic interactions that further refines mes/r1
gene expression and ultimately commits mes and r1 to
distinct fates. Importantly, the position of the IsO is criti-
cal for determining the appropriate range of tissue that
will become committed to mes or r1 (Broccoli et al.,
1999; Millet et al., 1999; Brodski et al., 2003). It has been
well documented in insects that the position of organiz-
ers is concomitant with lineage restriction boundaries
(reviewed in Dahmann and Basler, 1999). Thus, a poten-
tially conserved mechanism to position the IsO would be
compartmentalization of the vertebrate mes/r1 region.
Shh is a secreted signaling molecule that patterns
tissue in the D-V axis and is expressed in the floor plate
(Echelard et al., 1993). It has been previously demon-
strated that Shh, in combination with Fgf8, confers de-
velopment of dopaminergic and serotonergic neurons
in the ventral Mb and anterior Hb (Ye et al., 1998). There-
fore, A-P and D-V identity of the Mb and anterior Hb
depends on the intersection of the IsO and ventral mid-
line signaling pathways. However, the spatial and tem-
poral gene expression that defines the genetic lineage Figure 1. Fate Mapping Strategy and Embryonic Stages Analyzed
of a particular cell and how this is linked to the ultimate (A) Temporal control of cell marking was obtained by administration
fate of a cell has not been established. of tamoxifen, which results in the transient activation of CreERT in
Wnt1-CreERT;R26R double transgenics. CreERT then causes recom-We investigated whether lineage restriction, organizer
bination between loxP sites (green arrowheads) in the R26R allele,positioning, and genetic lineage are interrelated in the
excision of a stop sequence, and subsequent expression of lacZ.mes/r1 using a novel genetic fate mapping method that
Permanently marked cells are detected by -gal activity. Spatial
we designed (Guo et al., 2003; Kimmel et al., 2000). With control of cell marking is determined by Wnt1 expression that con-
this approach, we can mark mes/r1 cells with fine spatial fers broad mes marking early (a, tamoxifen at E8.5) versus the mark-
and temporal resolution and study their behavior and ing of a small population of cells later (b, tamoxifen at E9.5 or later).
Additional fate mapping experiments utilized alternate region-spe-lineage throughout Mb/anterior Hb (MHB) development.
cific promoters as described in the Experimental Procedures andUsing Wnt1-CreERT (inducible) and En1-Cre (cumula-
in the text. Red (I–IV) and blue boxes indicate Wnt1 translated andtive) fate mapping, we show that lineage boundaries
nontranslated exons, respectively; tag indicates a short sequence
established between E8.5 and E9.5 segregate the mes of lacZ used in genotyping.
and r1 into neuromeres. Notably, one of these bound- (B) Illustrations of developmental stages showing the transition in
aries is concomitant with the IsO position. Furthermore, morphology of the mes/r1 to the Mb/Cb and the sectioning planes
analyzed in this study. The isthmus becomes obscured in dorsalWnt1-CreERT and En2-CreERT fate mapping demon-
whole-mount views.strated that a small population of posterior mes-derived
cells expand in an anterior direction and contribute to
the posterior Mb. Finally, we observed that ventral Mb
clear staining in the mes 6 hr after tamoxifen injectiondopaminergic and anterior ventral Hb serotonergic neu-
at E8.5 and very little nuclear staining 36 hr postinjectionrons exhibit transient and distinct genetic lineages.
(data not shown), in agreement with published reports
(Hayashi and McMahon, 2002; Robinson et al., 1991).Results
Operationally, we define when cell marking occurs as
the stage of tamoxifen administration, implicit with re-To temporally control cell marking, we utilized an induc-
combination beginning 6 hr later and peak marking oc-ible form of Cre recombinase (CreERT ) that is released
curring between 12 and 24 hr postinjection. Based onfrom cytoplasmic sequestration and translocated to the
fate mapping in the limb (Guo et al., 2003; Kimmel etnucleus (activated) in the presence of tamoxifen (Feil et
al., 2000) and our present studies in the CNS, it requiresal., 1996). We used a reporter allele (R26R; Soriano,
approximately 24 hr to detect -gal activity using the1999) containing a floxed stop sequence upstream of
previously described CreERT (Metzger et al., 1995).lacZ as a read out of recombinase activity. R26R un-
Therefore, we define the initial population of markeddergoes recombination in cells expressing activated
cells as those displaying -gal activity 24–36 hr afterCreERT, resulting in permanent -galactosidase (-gal)
tamoxifen administration.expression in “marked” cells and all of their descendants
(Figure 1). Spatial control of recombination was obtained
by coupling Wnt1, En2, and Gli1 promoter/enhancer ele- The Mes/Diencephalon Border Is a Lineage
Restriction Boundaryments to drive CreERT (see Experimental Procedures).
With these reagents, we are able to track marked cells To determine whether lineage restriction boundaries es-
tablish the mes and r1 as compartments, we utilizedfrom the establishment of mes/r1 to the maturation of
MHB cytoarchitecture. To assess how long the initial Wnt1-CreERT;R26R mice. Tamoxifen was administered
to pregnant females carrying E8.5 Wnt1-CreERT;R26Rcell population undergoes marking with CreERT, we uti-
lized Cre immunocytochemical labeling and found nu- embryos, because at this time Wnt1 is expressed
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broadly throughout the presumptive mes and thus acti-
vated CreERT should randomly mark cells over the entire
extent of the mes during E8.75–E9.5. E8.5 is an ideal
stage because overt morphological changes begin to
delineate the mes and r1 (Kaufman, 1992). The Wnt1-
CreERT transgene is expressed at E8.5 throughout the
presumptive mes and not in r1 based on whole-mount
RNA in situ hybridization and comparison of Cre immu-
nocytochemistry with Otx2 in situ hybridization on adja-
cent sagittal sections (Figure 2A; data not shown). The
transgene, like Wnt1, is also expressed along the lateral
edge of the neural plate in r2-r7, spinal cord, and dien-
cephalon. Consistent with this, -gal activity detected
in whole-mount CreERT;R26R embryos (n  10) 36 hr
after tamoxifen revealed that the initial population of
Wnt1-CreERT-marked cells was scattered throughout
the mes and along the dorsal and ventral midline, but
importantly not in r1 (Figure 2B, Supplemental Figure
S1 at http://www.neuron.org/cgi/content/full/43/3/345/
DC1). Analysis of lacZ in whole-mount embryos and on
adjacent sections demonstrated that the anterior limit
of Wnt1-CreERT-marked cells was at the diencephalon
border, which expresses Pax-6 (Figures 2B and 2C; data
not shown). Only at the dorsal midline where Wnt1 is
expressed were -gal-positive cells detected within the
Pax-6-positive pretectum. The posterior limit of the vast
majority of marked cells was coincident with the caudal
edge of Otx2 expression, with only a few cells in the
adjacent Fgf8-positive isthmus (Supplemental Figure
S1). Therefore, the initial population of Wnt1-CreERT-
marked cells was located within the mes.
We next followed the long-term fate of this initial popu-
lation of cells marked by E8.5 tamoxifen administration
to Wnt1-CreERT;R26R embryos relative to known mor-
phological landmarks. Sagittal section analysis at E14.5
and E18.5 (n  4, each) revealed that Wnt1-CreERT ran-
domly marked approximately 30%–50% of the cells
throughout the mes in most embryos (Figures 2D–2G).
Cells marked by tamoxifen injection at E8.5 were pre-
vented from expanding rostrally into the pretectum or
dorsal thalamus of the diencephalon at E14.5 by an
anterior mes lineage boundary (Figure 2D). This observa-
tion was confirmed by comparing -gal immunoreactive
Figure 2. Lineage Restriction Boundaries and Regionalization of the
Early Mes
(A) Wnt1 in situ hybridization with a probe recognizing both endoge- stricts cell intermingling with the pretectum (pt) as well as the dorsal
nous Wnt1 and Wnt1-CreERT transgene showing that the transgene (dt) and ventral (vt) thalamus. The pt, dt, and vt are distinguished
is expressed in the typical Wnt1 domain with a posterior limit (arrow- as regions segregated by cell-free fiber-rich zones (arrowheads).
heads) adjacent to presumptive r1 at E8.5. Wnt1 is also expressed Marked cells in the Mb are also prevented from mixing with the Cb
in the dorsal-posterior rhombomeres (r2) and spinal cord. by a dorsal-posterior lineage boundary but are observed in the
(B) Tamoxifen administration of Wnt1-CreERT;R26R mice at E8.5 isthmus (is). In contrast, there are numerous marked cells in both
showing that the initial population of Wnt1-CreERT-marked cells at the ventral Mb (v. Mb) and ventral anterior Hb (v. Hb); the v. Mb/Hb
E10.0 is confined to the mes (located between arrowheads) as interface is apparent by a notch and is delineated by black arrows.
shown in sagittal whole-mount labeling with salmon gal substrate (H and I) Noninducible, cumulative fate mapping using En1-Cre mice
(red color). Marked cells are also present in the dorsal diencephalon to mark cells further demonstrates the anterior limit of mes-derived
midline (asterisk), rhombomeres posterior to r1 (r2, upper arrow), cells at E14.5 and reveals a sharp line of demarcation (arrow) be-
and spinal cord (lower arrow) and in the second branchial arch (ba). tween marked r1 cells and unmarked posterior cells.
Inset is a dorsal view of embryo showing caudal limit of marked (J and K) In the adult, En1-Cre-marked cells of the superior colliculus
cells (arrowheads). (sc) are segregated from the thalamus (thal); dashed line (K) indicates
(C) Pax-6 in situ reveals that the anterior limit of marked cells in (B) anterior limit of marked cells; arrowhead indicates cell-sparse zone
does not extend into the diencephalon except in the dorsal midline. of fibers. En1-Cre-marked cells also obey a sharp boundary at the
(D–G) Long-term fate mapping of Wnt1-CreERT-derived cells marked posterior limit of r1 (arrows in H and K). Abbreviations: ic, inferior
at E8.5 (labeled with X-gal substrate resulting in blue color) and colliculus; pn, pontine nucleus. Scale bar equals 555 m in (D), 167
analyzed at E14.5 (D and E) and at E18.5 (F and G) demonstrates m in (E), 417 m in (F), 277 m in (G) and (I), 500 m in (H), and
that marked cells obey an anterior mes lineage boundary that re- 136 m in (K).
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cells (Wnt1-fate mapped) with Pax-6 antibody labeling. marked at E8.5 are predominantly restricted by lineage
boundaries at the diencephalon and dorsal r1, but cellsAt E18.5, Wnt1-derived cells continued to be rigidly re-
from the ventral mes can mix with ventral r1.stricted from anterior expansion into the pretectum as
The Wnt1 gene expression pattern at E9.5 allowed usobserved in sagittal sections obtained lateral to the dor-
to fate map a small group of cells in the most posteriorsal midline (Figures 2F and 2G).
region of the mes just anterior to the isthmus and toTo confirm the anterior lineage restriction of the mes
determine whether the ventral mes later forms a poste-and further investigate the fate of MHB cells, we used
rior lineage boundary. We marked cells at E9.5 and as-En1-Cre;R26R mice (Kimmel et al., 2000) and analyzed
sayed for the initial population of marked cells 24–36 hrembryos at E14.5 and adult brains (Figures 2H–2K). En1
later, which by whole mount (n  7) and section (n is expressed in both the mes and r1 beginning at E8.5,
5) analysis, confirmed that Wnt1-CreERT-marked cellsand En1-Cre;R26R embryos undergo cumulative mark-
were localized to the mes in a pattern typical of endoge-ing and display recombination in virtually all cells of the
nous Wnt1 expression (Figures 4A-4D). The posteriormes and r1 by E9.5 (Li et al., 2002). En1-Cre-marked
limit of the initial population of Wnt1-CreERT-markedcells obeyed a sharp anterior boundary at E14.5 (Figures
cells (Figures 4B, 4D, and 4J, black arrows) was coinci-2H and 2I), similar to the boundary observed by Wnt1-
dent with the posterior limit of Otx2 expression and theCreERT inducible fate mapping and at the interface be-
anterior limit of the IsO, identified by Fgf8 expressiontween the adult Mb and thalamus (Figures 2J and 2K).
(Figures 4K and 4L). In most sections, however, a fewAs expected from the expression of En1 in the mes
marked cells were located posterior to this border inand r1, we also observed marked cells throughout the
the dorsal isthmus, but rarely observed in r1 (Figure 4D).cerebellum; however, the pontine nuclei and other pre-
The fate of the Wnt1-CreERT population of mes-derivedsumptive r2-r7-derived structures were devoid of
cells marked at E9.5 adjacent to the IsO was character-marked cells (Figures 2H–2K), demonstrating an r1/r2
ized in detail up to E18.5. Similar to marking at E8.5,boundary.
dorsally marked cells did not contribute to dorsal r1 or
to the Cb (Figures 3N and 4E–4I). During this time, the
posterior border of Wnt1-CreERT-marked cells contin-A Posterior Mes Lineage Boundary Forms
ued to remain in register with Otx2 both dorsally andin Two Phases
ventrally (data not shown). A very small number of cells
Significantly, an additional finding of our studies with
continued to be confined within the morphologically dis-
Wnt1-CreERT was that a lineage restriction boundary at
tinct dorsal isthmus, suggesting the presence of a sec-
the dorsal-posterior mes prevented all but a few marked
ond boundary at the posterior limit of the isthmus (Fig-
cells from contributing to the dorsal r1-derived cerebel- ures 4E and 4H). Furthermore, unlike marking at E8.5,
lum (Figures 2D and 2E), although some marked cells Wnt1-CreERT-expressing cells marked at E9.5 revealed
were observed in the morphological isthmus (Altman that the ventral mes cells (Figure 4D; red arrows) had
and Bayer, 1997). To assess if a lineage boundary also become rigidly restricted from posterior expansion at a
precluded Wnt1-derived cells marked at E8.5 from ex- notch that delineates the ventral mes and r1 junction at
panding posteriorly into ventral r1, we evaluated the E14.5 (compare Figures 2D and 3N). We confirmed the
regional distribution of Wnt1-derived cells in relation to ventral posterior mes lineage boundary with double im-
Mb dopaminergic neurons that express tyrosine hydrox- munolabeling for -gal and TH or 5-HT, which showed
ylase (TH) and to anterior Hb serotonergic neurons that that Wnt1-derived cells marked at E9.5 extensively con-
express 5-hydroxy tryptophan (5-HT) (Brodski et al., tributed to Mb dopaminergic neurons at E14.5 (Figures
2003). Double immunocytochemistry for -gal and TH 3E and 3F), but not to the nucleus encompassing the
demonstrated that Wnt1 derivatives in the ventral mes Hb serotonergic neurons (Figures 3G and 3H). Therefore,
gave rise to Mb dopaminergic neurons (Figures 3A and between E8.5 and E9.5 a ventral-posterior mes lineage
3B). In addition, however, some Wnt1 derivatives were boundary is established (Figures 3O and 3P) and the
observed in the anterior ventral Hb (Figures 2D and 3C) mes and r1 become distinct neuromeric regions.
and were dispersed within serotonergic nuclei, although
only a minority of fate mapped cells were double immu- Rostral Expansion of the Posterior-most Cells
nolabeled for 5-HT (Figures 3C and 3D). As expected, of the Mesencephalon
En1-derived cells also colocalized extensively with both An unexpected finding was that the small initial popula-
ventral Mb dopaminergic and anterior Hb serotonergic tion of dorsal cells marked by tamoxifen injections at
neurons of the raphe nucleus at E14.5 (Figures 3I–3L). E9.5 (Figure 4D, black arrows) substantially expanded
Since Wnt1-CreERT is also expressed in r2-r7 and rostrally and contributed to the posterior Mb by E18.5,
rhombomeres give rise to migrating cells (Christiansen likely the entire extent of the inferior colliculi (Figures
et al., 2000), it is possible that Wnt1-derived cells origi- 4G and 4H). The rostral expansion can best be appreci-
nating from r2 contribute to the anterior ventral Hb. Al- ated by analyzing more lateral sections (Figures 4D and
though this cannot be resolved with our genetic fate 4I) where dorsal midline labeling of Wnt1 cells is not
mapping approach using Wnt1-CreERT, it is unlikely observed and in whole-mount embryos (compare Figure
since there is a large gap in cells marked between ante- 4C to Figure 4G, right panel). Collectively, these data
rior r1 and r2 at later stages (Figures 2B, 2D, and 2F). indicate that mes-derived cells located immediately an-
Furthermore, marking at E9.5 and later labels the same terior to the isthmus obey a posterior lineage restriction
r2–r7 cells, but no anterior ventral r1 cells (see below). boundary and dramatically expand rostrally, consistent
with intra- but not intercompartmental mixing.Collectively, our data indicate that Wnt1-derived cells
Mes/r1 Cell Behaviors and Genetic Lineage
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Figure 3. The Ventral-Posterior Mes Lineage Boundary Confines Wnt1-CreERT Cells Marked at E9.5 to the Mes
Double labeling on E14.5 sagittal sections with antibodies that recognize -gal (fate mapped cells, red) and TH or 5-HT (green) to indicate
ventral Mb dopaminergic neurons or Hb serotonergic neurons, respectively.
(A and B) Wnt1-CreERT-derived cells marked at E8.5 are dispersed throughout the ventral Mb (v. Mb) and are colocalized with dopaminergic
neurons (B; arrows).
(C and D) Wnt1-derived cells also intermingle with anterior ventral Hb (v. Hb) serotonergic neurons and occasionally contribute to this phenotype
(D; arrows indicate overlapping and arrowheads indicate nonoverlapping expression).
(E–H) Wnt1-CreERT-derived ventral cells marked at E9.5 are confined to the v. Mb and contribute extensively to dopaminergic neurons (F,
arrows) but not v. Hb serotonergic clusters.
(I–L) En1-Cre fate mapping shows that dopaminergic and serotonergic neurons are derived from cells cumulatively marked by En1 expression.
(M) E14.5 sagittal section schematic illustrates the ventral MHB region and indicates the location of Mb dopaminergic (yellow) and anterior
Hb serotonergic (green) nuclei, which are analyzed at higher magnification in (A)–(L).
(N) A low-magnification photomicrograph of a typical Wnt1-CreERT;R26R embryo marked at E9.5 showing -gal histochemistry (blue) on
sections adjacent to those in (E)–(H).
(O and P) Schematics summarizing the fate mapping results. Note the lack of a strict ventral-posterior mes lineage boundary that allows cells
marked at E8.5 to be present in v. Hb (O); cells marked at E9.5 obey the ventral-posterior mes lineage boundary and restricts mes-derived
cells from intermingling with the v. Hb at a common interface (asterisk indicates the v. Mb/Hb junction in A, C, E, G, I, K, and M–P). Scale bar
equals 278 m in (A), (C), (E), (G), (I), and (K); 56 m in (B), (D), (F), (H), (J), and (L); and 520 m in (N).
We addressed the rostral expansion using an inde- transgenic mice using an En2 enhancer fragment that
expresses during E9.5–E11.5 in a small domain sur-pendent fate mapping approach because Wnt1-CreERT
additionally marks cells along the dorsal and ventral rounding the MHB boundary (Song et al., 1996; Zinyk
et al., 1998). Administration of tamoxifen to En2-midline of the mes (Figures 4C and 4G), although Wnt1-
derived dorsal midline cells fail to significantly expand CreERT;R26R embryos at E9.5 revealed marked cells
initially occupying a position that included a small por-laterally over time within the superior colliculus (com-
pare Figure 4C to 4G). We generated En2-CreERT;R26R tion of the dorsal-posterior mes, dorsal isthmus, and
Neuron
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Figure 4. Fate Mapping Cells Derived from the Posterior Mes
Tamoxifen injections of Wnt1-CreERT;R26R mice at E9.5.
(A) Wnt1 in situ hybridization with a probe recognizing both endogenous Wnt1 and Wnt1-CreERT transgene showing the transgene is expressed
in the typical Wnt1 pattern at E9.5.
(B and C) Sagittal (B) and dorsal-posterior (C) views of E10.5 whole-mount embryo subjected to -gal labeling showing that the initial population
of cells marked at E9.5 is confined to the posterior mes (arrows) and to a row along the dorsal and ventral midline of the mes, diencephalon
(di), and posterior to r1 (arrowheads).
(D–F, H, and I) Left and right panels show representative medial and lateral sections, respectively.
(D) At E11.0 the small initial population of Wnt1-CreERT-marked cells are located at the dorsal (black arrows) and ventral (red arrows)
posterior mes.
(E and F) At E12.5, the vast majority of dorsal mes-derived cells obey a posterior lineage boundary (E, black arrows). There is a small group
of cells that contributes to the isthmus (is) but marked cells are not observed in the cerebellar primordium (r1). Cells of the ventral mes (v.
mes) are tightly restricted and do not expand posteriorly. Asterisks indicate the isthmus notch; red dashed line indicates the is/dorsal r1
interface; arrowheads in (D) and (E) indicate small domain of marked cells in germinal trigone.
(G–I) Sagittal and dorsal-posterior view of whole-mount brain (G) labeled at E15.5 as well as (H) high- and (I) low-magnification sections at
E18.5 demonstrate that the initial population of marked cells expands anteriorly within the posterior Mb (cp, choroids plexus; arrowheads in
[I] indicate anterior limit of marked cells in v. Mb).
(J–L) Comparing marked cells with markers on adjacent sections at E11.0 illustrates that the initial population of marked cells in the dorsal
mes obeys a lineage boundary (J; black arrows) coincident with the posterior limit of Otx2 (K) and the anterior limit of Fgf8 (L). A few marked
cells are also observed in the isthmus (is), which is delineated anteriorly by a notch (adjacent to arrow) and posteriorly by a change in cellularity
(red dashed lines) and by Fgf8 expression. Scale bar equals 140 m in (D), 90 m in (E), 543 m in (F) and (I), 208 m in (H), and 45 m in (J)–(L).
dorsal-anterior r1 (Figures 5A and 5B). At E14.5 and 5E–5K; data not shown). As expected, Wnt1-CreERT
cells marked by tamoxifen injections on E10.5 or E11.5E17.5, the marked cells had contributed extensively to
the inferior colliculus, as well as the isthmus and medial revealed an initial marking pattern similar to that ob-
served by injections at E9.5 (Figure 5E, inset; data notCb (Figures 5C and 5D). Therefore, our analysis of Wnt1-
CreERT- and En2-CreERT-marked cells demonstrates shown). Surprisingly, comparison at E18.5 of the anterior
limit of Wnt1-CreERT cells marked at E9.5, E10.5, andthat a small group of cells derived from the posterior
mes at E9.5 expand rostrally to contribute to the infe- E11.5 showed a similar dispersion of marked and un-
marked cells in the ventricular zone and differentiatedrior colliculus.
To explore the timing and extent of rostral expansion layers (Figures 4I, 5E, and 5F; data not shown). This
suggests that intensive intermingling and expansion oc-of Wnt1-expressing cells initially positioned at the poste-
rior mes, we administered tamoxifen at E10.5 and E11.5 curs in the ventricular zone up to but not beyond the
anterior inferior colliculus even after E11.5.and observed the long-term fate of these cells (Figures
Mes/r1 Cell Behaviors and Genetic Lineage
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Figure 5. Rostral Expansion of Wnt1-Derived
Cells Originating at the Posterior Mes Contin-
ues after E9.5 Marking and Includes En2-
Derived Cells
(A and B) En2-CreERT;R26R mice injected
with tamoxifen at E9.5 show an initial cell
population that is localized to the dorsal pos-
terior mes, is, and r1 in whole-mount (A) and
mid-sagittal sections (B; inset is high-magni-
fication view; dashed lines delineate dorsal
mes/is/r1).
(C and D) -gal labeling of a whole brain at
E14.5 (C) and sections at E17.5 (D) confirms
the anterior expansion (black arrow in C) of
posterior mes cells. The medial Cb (region
between red arrowheads; C) also contains
marked cells; note the clonal nature of
marked cells in the ventricular zone (arrows
in D).
(E and F) Tamoxifen injections of Wnt1-
CreERT;R26R mice at E10.5 showing that the
initial population in the mes (E, inset; whole-
mount) continues to expand anteriorly and
contributes primarily to inferior colliculus (ic)
at E18.5; note the lack of marked cells in r1
and the Cb.
(G–K) Horizontal (G and H) and sagittal (I–K)
sections of adult brain confirm that Wnt1-
CreERT-marked cells give rise to the ic but
do not move posteriorly into the Cb. Note
a small number of marked cells only in the
granular layer (GL) of the medial region of the
two most posterior folia of the Cb, suggesting
that they originate from the rhombic lip. In (G)
and (H) the anterior folia of Cb are seen. The
anterior folia (J, blue box) are adjacent to the
ic; the posterior folia (black box) are seen in
(K). Wnt1-CreERT cells marked at E10.5 are
also present in nuclei of the precerebellar sys-
tem (pn., pontine nucleus; *, nucleus vestibu-
laris; **, nucleus cuneatus). Scale bar equals
830 m in (B), 277 m in inset in (B), 357 m
in (D) and (E), and 210 m in (F).
The contribution of the anterior expansion of Wnt1- rhombic lip (see Figure 4E; Li et al., 2002). Consistent
with this, we observed cells marked on E9.5 and E10.5CreERT cells marked at E10.5 was also analyzed in the
adult (n 3). This confirmed that the small initial popula- in the most caudal region of the rhombic lip region at
E11.0 and E12.5 (Figures 4D and 4E; arrowheads), al-tion of cells derived from the posterior mes contributed
substantially to the inferior colliculus but not the superior though these cells primarily gave rise to the choroid
plexus and not the cerebellum (Figures 4I and 5E).colliculus (Figures 5G–5I). We also definitively estab-
lished that these mes-derived cells did not expand pos- An additional population of cells in the Hb that is
physiologically related to the Cb is the precerebellarteriorly to contribute substantially to the Cb, as seen by
examining the anterior Cb in both horizontal and sagittal system. A previous study used a noninducible method
to cumulatively mark Wnt1-derived Hb cells and demon-sections (Figures 5G–5J). We were surprised, however,
to find that there were a small number of marked cells strated that Wnt1-derived cells posterior to r1 contribute
to the precerebellar nuclei (Rodriguez and Dymecki,in the granular layer of the most posterior cerebellar
folia (IX and X) (Figures 5I and 5K). It is likely that these 2000). Our use of inducible Wnt1-CreERT to mark cells
demonstrates that Wnt1 does not significantly contrib-cells are derived from the late expression of Wnt1 in the
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ute to the precerebellar nuclei until E10.5 (Figures 4I ical fates, and distinct molecular and genetic features.
Previous studies have demonstrated that the Mb andand 5I; data not shown).
anterior Hb are distinct morphological structures with
unique gene expression profiles (Palmgren, 1921; Ra-Spatial and Temporal Origin of Mb Dopaminergic
mon y Cajal, 1995; Kaufman, 1992; Joyner et al., 2000).and Hb Serotonergic Neurons
Our present studies show that a series of novel lineageAs described above, Wnt1-derived cells fate mapped
restriction boundaries partition an overtly homogenousat E8.5 and E9.5 give rise to ventral Mb dopaminergic
neuroepithelium into at least two distinct neuromericneurons (Figures 3A–3H). Similarly, Wnt1-CreERT-derived
compartments, the mes and r1, and that these eventuallycells marked at E10.5 and E11.5 continue to contribute
delineate the Mb and anterior Hb (Figure 7). Thus, theseto dopaminergic neurons (Figure 6G, and data not
two embryonic brain vesicles are indeed neuromeresshown). These cells could originate from Wnt1-expressing
that give rise to regions that remain largely segregatedcells in the dorsal or ventral midline of the mes or from
anatomically and functionally into the adult.the ring at the posterior mes. Since Shh is expressed
One lineage boundary (mes lineage boundaryanterior orventrally and has been shown to be required transiently
mlba) segregates the mes from the diencephalon alongfor dopaminergic cell development in vitro (Ye et al.,
the entire dorsal-ventral axis at the posterior limit of Pax61998), we determined whether cells responding to Shh
expression. The second boundary establishes the poste-signaling in vivo give rise to Mb dopaminergic neurons
rior limit of the dorsal (mes lineage boundarydorsal-posterior orand at what stage. As Gli1 is a direct transcriptional
mlbdp) and ventral (mes lineage boundaryventral-posterior ortarget of Shh activity (Bai et al., 2002, 2004), we utilized
mlbvp) mes at the Otx2/Gbx2 interface. A third putativeGli1-CreERT2 mice (Ahn and Joyner, 2004) to fate map
boundary (isthmus lineage boundary or islb) segregatescells originating in the ventral midline that respond to
the dorsal isthmus from the cerebellar primordium andShh. Indeed, Gli1-CreERT2-derived cells marked by ta-
coincides with the posterior limit of Fgf8 expression.moxifen administration at E7.5 gave rise to both dopa-
Finally, a fourth boundary (r1 lineage boundary or r1lb)minergic and serotonergic neurons (Figures 6A and 6B)
defines the posterior limit of r1 (Figure 7). Based onbut not to the dorsal Mb tectum (data not shown). In
our long-term genetic fate mapping results, as well ascontrast, only a few Gli1-CreERT2 cells marked at E8.5,
reports of short-term cell labeling and transplant stud-and none at E9.5, contributed to either TH or 5-HT neuronal
ies, the boundaries that we identified likely serve tophenotypes (Figures 6C and 6D; data not shown). Wnt1-
restrict cell lineages in a bidirectional manner (Jacob-CreERT-derived cells fate mapped by tamoxifen injec-
son, 1983; Koster and Fraser, 2001; Larsen et al., 2001;tions at E7.5 gave rise to a few dopaminergic and sero-
Wingate and Hatten, 1999).tonergic neurons at E12.5 and in the adult (Figures 6E
There have been conflicting reports pertaining to theand 6F; data not shown). Given that our En2-CreERT
existence of a lineage boundary between the mes andtransgene mimics the distribution of dorsal-posterior
r1 in chick (Alexandre and Wassef, 2003; Jungbluth et al.,Wnt1-derived cells (Figures 5A–5D) and does not give
2001; Louvi et al., 2003; Millet et al., 1996). Our induciblerise to marked cells in the vicinity of TH- or 5-HT-positive
long-term fate mapping technique allowed us to defini-neurons at E11.0 or at E17.5 (Figure 5B; data not shown),
tively demonstrate that such a boundary exists inour data indicate that it is the Wnt1-expressing cells in
mouse. Clonal analysis of the Cb in mouse using sponta-the ventral midline that give rise to the Mb dopaminer-
neous mitotic recombination that converts laacZ togic neurons.
functional lacZ showed that at some early time pointSince Wnt1- and Gli1-derived cells marked at E7.5–
there is no lineage restriction between the mes and r1
E8.5 but only Wnt1-derived cells marked subsequently
(Mathis et al., 1997). Our studies showed that the lineage
gave rise to TH-positive neurons, we compared the gene
restriction boundary of the mes/r1 is established be-
expression patterns of Wnt1 and Gli1 (Figures 6I–6R). tween E8.75 and E9.75 (marking at E8.5–E9.5), which is
At the 6–8 somite stage, Gli1 was in close proximity to a time that coincides with the refinement of mes and r1
Shh adjacent to the ventral midline (Figures 6I–6L). Wnt1 gene expression domains and the formation of the IsO.
was expressed in two bilateral wedges that did not con- An unexpected finding of our studies was that the
verge at the ventral midline (Figure 6J), but displayed a lineage boundary at the posterior border of the mes is
small region of overlap with Gli1 just off the midline formed in two phases. The mlbdp is established by E8.75
(Figure 6L). At E10.5, the Wnt1 ventral domain was con- (marking at E8.5) and segregates the Mb tectum from
fined to two bands closely opposed to the ventral mid- the Cb. In contrast, marked cells of the ventral mes still
line of the mes, whereas the Gli1 domain had shifted intermingle with ventral r1 at this stage. However, by
to a more dorsolateral position (Figures 6N–6Q). Taken E9.75 (marking at E9.5), the mlbvp is firmly established
together, the data demonstrate that some Mb dopamin- and ventral mes-derived cells no longer mix with ventral
ergic precursors respond to Shh only during E7.75–E9.0, r1. Therefore, unlike the anterior mes, the posterior mes
whereas some Mb dopaminergic neuron precursors ex- develops in two sequential phases and thus does not
press Wnt1 from E7.75 to E11.5. form like a classical lineage boundary. We attempted
to address the onset of the mlbdp by fate mapping
Discussion Wnt1-derived cells at E7.5 (marking at E7.75–E8.5; Sup-
plemental Figure S2 at http://www.neuron.org/cgi/
The Mes and r1 Are Distinct Neuromeres content/full/43/3/345/DC1). However, unlike later marking
Neuromeres are developmental units in which cells dis- periods, we observed considerable variability in the pat-
play the unifying properties of lineage restriction, free tern of labeled cells marked at E7.5 with some of the
initial cell population already in r1 at E8.5, which is likelyintracompartmental cell mixing, similar cell and histolog-
Mes/r1 Cell Behaviors and Genetic Lineage
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Figure 6. Ventral MHB Nuclei Derived from
Gli1- and Wnt1-Expressing Cells
(A and B) Sagittal sections of E12.5 Gli1-
CreERT2;R26R embryos showing that Gli1-
derived cells marked at E7.5 (-gal; red) con-
tribute to both TH-positive dopaminergic
neurons (A) in the ventral mes (v. mes) and
to 5-HT-positive serotonergic neurons (B) in
ventral r1 (v. r1); TH or 5-HT labeling is in
green.
(C and D) Horizontal sections of E12.5 Gli1-
CreERT2;R26R embryos showing that Gli1-
derived cells marked at E9.5 no longer con-
tribute to dopaminergic or serotonergic
neurons.
(E and F) Wnt1-derived cells marked at E7.5
contribute to v. mes dopaminergic neurons
at E12.5 (E) and the substantia nigra (SN) in
the adult (F).
(G) Wnt1-derived cells marked at E10.5 con-
tinue to contribute to the adult SN; inset
shows adjacent low magnification of marked
cells (blue) in the SN and ventral tegmental
area (VTA) on a horizontal section.
(H) Serotonergic neurons of the adult raphe
nucleus (raphe n.; green) are interspersed
with Wnt1-derived cells (red) that were
marked at E10.5 but are not colocalized; inset
shows adjacent low magnification of marked
cells (blue) in the raphe n. on a horizontal
section.
(I–K, N–P) Embryos at 6–8 somites (I–K) and
E10.5 (N–P) in situ hybridized with probes for
Shh, Wnt1, and Gli1.
(L) Summary schematic of 6–8 somite expres-
sion patterns illustrating that Wnt1 and Gli1
overlap in a small domain adjacent to the ven-
tral midline (orange).
(Q) Summary schematic of E10.5 expression
patterns showing the lateral translocation of
the Gli1 domain such that it no longer over-
laps with Wnt1, although Wnt1 overlaps with
Shh adjacent to the ventral midline (purple).
(M and R) Summary of Wnt1- and Gli1-derived
cell contribution to Mb dopaminergic (TH)
and anterior Hb serotonergic (5-HT) neu-
rons. Scale bar equals 20 m in (A)–(E), 25
m in (F) and (H), 30 m in (G), and 333 m
in (N)–(P).
because the Wnt1 expression domain initially is not the dorsal Mb, but also to the Cb (Supplemental Figures
S2G–S2O). This result indicates that the mlbdp is estab-sharply defined. Nevertheless, the majority of Wnt1-
CreERT-derived cells marked by tamoxifen administra- lished between E7.75 and E8.75.
Interestingly, the most rostral cluster of serotonergiction at E7.5 were located in the mes or migrating neural
crest cells (Supplemental Figures S2A–S2F). By E12.5 neurons of the raphe nucleus (B5–B9) in the adult are
located in the Mb (Sidman et al., 1971; Vertes and Crane,and in the adult, marked cells contributed primarily to
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Figure 7. Summary Schematic of Novel Lin-
eage Boundaries and Compartments in the
Mouse CNS
The illustrations depicting Wnt1 expression
in (A) and (B) are of Wnt1-CreERT;R26R em-
bryos at the time of tamoxifen injections.
E10.0 and E11.0 illustrations depict the initial
population of fate-mapped cells. E14.5-E18.5
illustrations depict lineage restriction bound-
aries and compartments of the MHB region.
(A) Tamoxifen injections of Wnt1-CreERT;R26R
embryos at E8.5 show that marked cells (blue
spheres) are confined to the mes by an ante-
rior mes lineage boundary (mlba) and a poste-
rior lineage boundary of the dorsal mes
(mlbdp). The mlbdp positions the anterior limit
of the IsO at early stages. The diencephalon
(di) and Cb are not derived from Wnt1-marked
cells. En1-Cre-marked cells (red and blue
spheres) confirms the mlba and reveals the
posterior lineage boundary of r1 (r1lb). A sub-
set of Gli1-CreERT2 cells marked by tamoxifen
at E7.5 give rise to TH-positive neurons (pur-
ple spheres) in the dopaminergic nuclei and
5-HT-positive neurons (orange spheres) in
the serotonergic nuclei.
(B) Tamoxifen injections of WntCreERT;R26R
embryos at E9.5 show that marked cells ini-
tially confined to the dorsal-posterior mes
continuously generate cells (red arrows) that
expand rostrally to populate the inferior colliculus (ic) of the Mb but are restricted by the mlbdp from posterior movements into the Cb. In
addition, marked cells of the ventral-posterior mes are restricted by the mlbvp from posterior movement into the ventral Hb and give rise to
the caudal portion of the ventral Mb. Gli1-derived cells no longer contribute to dopaminergic or serotonergic nuclei.
1997) and are dispersed among the caudally located colliculus because the ventrally marked Wnt1-express-
ing cells in the presumptive tegmentum only gives risemes-derived cells (Figure 6H). Our Wnt1 lineage analysis
of cells marked at E9.5–E11.5 and 5-HT expression to a narrow band of cells at the posterior limit of the
tegmentum (Figure 7B).clearly shows that serotonergic neurons do not enter
the mes until at least E18.5. It is possible that the mlbvp The expansion in the dorsal mes could occur either
by cell movement or through differential proliferation intransiently restricts cell mixing until birth and is then
permissive to active cell migrations. Alternatively, the the posterior versus anterior mes. BrdU labeling was
not qualitatively different in posterior versus anteriormost anterior 5-HT neurons may settle into the Mb as a
result of passive morphogenetic movements after birth. mes at E9.5–E10.5 (data not shown), suggesting that
cells originating from the posterior mes that wereSimilarly, choline acetyl transferase expression and our
Wnt1 lineage analysis also shows that the parabigeminal marked during E9.5–E11.5 rapidly turn off Wnt1 expres-
sion and expand anteriorly by intermingling in the ven-nucleus, an adult Mb cluster of cholinergic neurons lo-
cated adjacent to the Hb, is not derived from the mes tricular zone. Interestingly, our fate map of mes-derived
cells originating from just anterior to the IsO at E9.5–(data not shown), indicating that these cells also are
transposed during postnatal growth. E11.5 raises the question of whether Wnt1 and/or Fgf8
directly regulate the cell behavior of the posterior mes.
Lineage Restriction and Behavior of Cells
Originating from the Posterior Mes Lineage Boundaries Delineate the IsO
We show the first example of a lineage boundary thatWe have uncovered that the small group of Wnt1-express-
ing cells localized at the posterior edge of the dorsal mes is coincident with the position of an organizer in the
CNS. This finding furthers our understanding of howbetween E9.5 and E11.5 expand rostrally to a common
anterior limit at the junction of the inferior and superior the IsO is established and maintained by showing that
the Fgf8 expression domain is regulated not only at thecolliculi (Figure 7B). The anterior expansion was further
demonstrated by marking a slightly larger population of level of complex genetic interactions, but also at the
cellular level, by segregating this population of cells. Incells at the posterior mes using En2-CreERT transgenic
mice. The mlbdp restricts mes-derived cells from ex- the broader perspective, our finding demonstrates that
lineage restriction is a conserved mechanism used topanding posteriorly, and as a consequence cell expansion
and intermingling in the ventricular zone can presumably position organizers because boundaries also establish
the location of signaling centers that pattern Drosophilaoccur only in an anterior direction. Of importance, the
anterior expansion demonstrates that intraneuromeric appendages and establish the position of the apical
ectodermal ridge (AER), which is the proximal-distal sig-mixing can occur while interneuromeric mixing is pre-
vented. Furthermore, we found that the rostral expan- naling center in the vertebrate limb (Dahmann and
Basler, 1999; Tickle and Munsterberg, 2001).sion of the Wnt1-derived cells is unique to the inferior
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Of the lineage boundaries identified in this study, all to neural tube closure become dopaminergic neurons
of the ventral Mb (Figures 6I–6M). Subsequently, thebut the mlbdp appears to be stringent in restricting cell
mixing. A small number of Wnt1-derived cells appeared Gli1 gene expression domain transposes laterally and
Gli1-derived cells no longer contribute to dopaminergicto cross the mlbdp and populate the isthmus at all stages,
which is reminiscent of the lineage restriction bound- neurons. In contrast, at least a subset of Mb dopaminer-
gic neurons continue to be derived from cells expressingaries between rhombomeres that allow approximately
8% of rhombomere cells to freely intermingle with adja- Wnt1 long after neural tube closure (Figures 6N–6R).
Due to the mosaic nature of cell marking with the CreERTcent compartments (Birgbauer and Fraser, 1994). It has
been shown by whole-mount and section in situ hybrid- system, we cannot distinguish whether Gli1 and Wnt1
lineages give rise to the same or different subtypes ofization that the Wnt1 expression domain in both mouse
and chick is transiently 1–2 cells posterior to the Otx2 dopaminergic neurons in the substantia nigra and VTA.
Since Gli1 is a direct target of Shh signaling, our stud-expression domain (Bally-Cuif et al., 1995; Hidalgo-San-
chez et al., 1999; Matsunaga et al., 2002) but then con- ies demonstrate that dopaminergic neurons only tran-
siently respond to Shh between E7.75 and E9.0 (cellsverges to the same posterior limit as Otx2 (Bally-Cuif et
al., 1995; Millet et al., 1996). Therefore, it is possible that marked at E7.5). Consistent with our in vivo experiments,
in vitro experiments showed that ventral rat neural platethe Wnt1-CreERT-marked cells in the isthmus at early
stages arise from these Wnt1-positive/Otx2-negative explants taken at a similar stage (6 somites) require Shh
in addition to Fgf8 to induce TH-positive neurons, andcells but are restricted from mixing with the cerebellar
primordium. Shh was effective only during the first 24 hr (Ye et al.,
1998). Similar to dopaminergic neurons, the serotoner-The lack of Wnt1-CreERT-marked cells in the Cb de-
spite there being a small number of cells in the isthmus gic neurons of the ventral anterior Hb are derived early
from cells that only express Gli1 transiently at E7.75–is consistent with the presence of a second boundary
(islb) slightly posterior to the mlbdp positioned at the E9.0 (cells marked at E7.5). However, 5-HT-positive neu-
rons are not derived from Wnt1-expressing cells oncejunction between the morphological isthmus and the
cerebellar primordium. Interestingly, the islb demar- the mlbvp is established.
Collectively, our novel genetic fate mapping studiescates the posterior extent of the dorsal IsO as defined
by Fgf8 expression. The existence of two lineage bound- in mouse demonstrate that fine spatial and temporal
events establish distinct neuronal identities in the Mbaries in close proximity to each other and surrounding
the dorsal IsO is reminiscent of the two lineage bound- and anterior Hb. Furthermore, we show that cells of the
mes, IsO, and r1 are organized by fundamental mecha-aries that divide the mouse limb ectoderm into dorsal
and ventral domains, where the small region forming nisms found in insect and limb development. Compart-
mentalization and positioning of signaling centers atthe apical ectodermal ridge (AER) is also encased by
two boundaries (Guo et al., 2003; Kimmel et al., 2000). lineage boundaries strategically control and pattern the
complex behaviors of cells in the mammalian CNS.An alternative interpretation is that the Fgf8 domain in
the isthmus and limb AER are themselves boundary
Experimental Proceduresregions, analogous to the boundary cells between rhom-
bomeres, that would thus prevent cells of the mes and
Transgenic, Reporter, and Mutant Mice
r1 from intermingling. The IsO expresses Fgf8 between The Wnt1-CreERT transgene was generated by excising the cDNA
E8.5 and E12.5 (Li et al., 2002) and becomes a distinct encoding a CreERT fusion protein from pCreERT (Feil et al., 1996;
kindly provided by P. Chambon) and subcloning it into pWexp3stalk of tissue dorsally between the posterior Mb and
(Echelard et al., 1994; kindly provided by A. McMahon). The En2-anterior Cb (Figure 4H; Altman and Bayer, 1997). Be-
CreERT transgene consisting of En2 regulatory elements (Song ettween E18.5 and P2, the remnant stalk of the IsO under-
al., 1996) was generated by subcloning the En2 minimal promotergoes a gradual reduction, and shortly after P4, it disap-
and 2.6 kb embryonic enhancer from pKS (Sal)2En2 (Zinyk et al.,pears (data not shown), leaving behind only a thin 1998) into pMsx2-CreERT (Kimmel et al., 2000) after removing the
membrane as a remnant in the adult (Palmgren, 1921). Msx2 promoter. Transgenic mice were generated as previously de-
scribed (Nagy et al., 2003). Two lines giving similar expression pat-Therefore, there are four striking similarities between the
terns from each of the transgenic reporter mice were used for fatelimb and MHB region: (1) they both contain a centrally
mapping experiments. En1-Cre and Gli1-CreERT2 knockin mice werelocated signaling center (AER and IsO, respectively), (2)
genotyped as described (Kimmel et al., 2000; Ahn and Joyner, 2004).both organizers are segregated by lineage boundaries,
ROSA26 reporter (R26R) mice were generously provided by P. Sori-
(3) both organizers expresses Fgf8, and (4) both morpho- ano and genotyped as described (Soriano, 1999). Wnt1-CreERT and
logical structures containing the organizer disappear En2-CreERT were identified by PCR-based genotyping using primers
specific to a LacZ tag (5-TACCACAGCGGATGGTTCGG-3) and toafter Fgf8 expression is extinguished.
a sequence in Cre (Cre ER-31: 5-CACTTTGATCCACCTGATGG-3)
that amplifies DNA fragments of 439 bp and 421 bp, respectivelyGenetic Lineage and Spatial Origin of Ventral
(the larger PCR product is due to extra polylinker sequence in the
MHB Nuclei former transgene. Mice were maintained and sacrificed according
One of the strengths of our inducible fate mapping to the protocols approved by the Institutional Animal Care and Use
Committee at the New York University School of Medicine.method is that we utilize different region-specific ge-
netic elements to gain insight into general cellular be-
Fate Mappinghavior and regional phenomena. We show that Wnt1-
A 20 mg/ml stock solution of tamoxifen (T-5648, Sigma) was pre-derived cells initially give rise to the full extent of the mes,
pared in corn oil (C-8267 Sigma). Fate mapping experiments were
whereas later dorsal-posterior cells expressing Wnt1 conducted by crossing Wnt1-CreERT;R26R, En2-CreERT;R26R, En1-
expand to form the inferior colliculus. Furthermore, Cre;R26R, or Gli1-CreERT2;R26R male mice with outbred Swiss Web-
ster (SW, Taconic) female mice. 0900 of the day a vaginal plug wassome ventral cells that express Wnt1 and/or Gli1 prior
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detected was designated as 0.5 days postcoitus. Tamoxifen was Broccoli, V., Boncinelli, E., and Wurst, W. (1999). The caudal limit
of Otx2 expression positions the isthmic organizer. Nature 401,administered by oral gavage at 0900 hr to time-pregnant SW fe-
males. The dose of tamoxifen given was 2–8 mg per mouse as 164–168.
follows: 8 mg or 4 mg was administered between E8.5 and E11.5 Brodski, C., Weisenhorn, D.M., Signore, M., Sillaber, I., Oesterheld,
to Wnt1-CreERT and En2-CreERT mice for embryonic or postnatal M., Broccoli, V., Acampora, D., Simeone, A., and Wurst, W. (2003).
analysis, respectively; 2 mg was administered at E7.5 because injec- Location and size of dopaminergic and serotonergic cell populations
tions at this stage resulted in a high degree of lethality; and 2 mg are controlled by the position of the midbrain-hindbrain organizer.
was administered to Gli1-CreERT2 mice. CreERT2 exhibited a similar J. Neurosci. 23, 4199–4207.
extent of recombination with a 2 mg dose of tamoxifen compared
Christiansen, J.H., Coles, E.G., and Wilkinson, D.G. (2000). Molecular
to 4 or 8 mg for CreERT. The doses used were determined empirically
control of neural crest formation, migration and differentiation. Curr.
to provide maximal recombination with minimal embryonic lethality.
Opin. Cell Biol. 12, 719–724.
Mouse embryos or whole brains were processed for whole-mount
Crick, F.H., and Lawrence, P.A. (1975). Compartments and poly-or section X-gal labeling. The extent of cell labeling was variable
clones in insect development. Science 189, 340–347.between different litters although intralitter labeling was generally
similar; notably, the pattern of labeling was consistent regardless Dahmann, C., and Basler, K. (1999). Compartment boundaries: at
of the degree of mosaicism. Analysis was done with embryos that the edge of development. Trends Genet. 15, 320–326.
exhibited a similar extent of induction and labeling as determined Echelard, Y., Epstein, D.J., St-Jacques, B., Shen, L., Mohler, J.,
qualitatively. McMahon, J.A., and McMahon, A.P. (1993). Sonic hedgehog, a
member of a family of putative signaling molecules, is implicated
-Gal Histochemistry, RNA In Situ Hybridization, in the regulation of CNS polarity. Cell 75, 1417–1430.
and Immunofluorescent Immunocytochemistry
Echelard, Y., Vassileva, G., and McMahon, A.P. (1994). Cis-actingEmbryos or whole brains to be sectioned were processed as described
regulatory sequences governing Wnt-1 expression in the developing(Kimmel et al., 2000; Li et al., 2002); protocols are available at the
mouse CNS. Development 120, 2213–2224.Joyner web site (http://saturn.med.nyu.edu/research/dg/joynerlab/).
Feil, R., Brocard, J., Mascrez, B., LeMeur, M., Metzger, D., andImmunofluorescent immunocytochemistry (IF-ICC) was done by stan-
Chambon, P. (1996). Ligand-activated site-specific recombinationdard procedures using the following antibodies: anti-Cre antibody (Ab)
in mice. Proc. Natl. Acad. Sci. USA 93, 10887–10890.(1:3000; kindly provided by M. Schwander), anti-TH (1:500; Chemicon),
or anti-5-HT Abs (1:500; Jackson ImmunoResearch), anti--gal (1:500; Fraser, S., Keynes, R., and Lumsden, A. (1990). Segmentation in the
Biogenesis); goat anti-rabbit Cy3 secondary Ab (1:125; Jackson chick embryo hindbrain is defined by cell lineage restrictions. Nature
ImmunoResearch), donkey anti-rabbit IgG-Alexa488, and donkey 344, 431–435.
anti-goat IgG-Alexa555 secondary Abs (Molecular Probes). Images Garcia-Bellido, A., Lawrence, P.A., and Morata, G. (1979). Compart-
were collected and processed using Open Lab or Magnafire soft- ments in animal development. Sci. Am. 241, 102–110.
ware and Adobe Photoshop 7.0 or Adobe Illustrator 11.0.
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